The Effects of Varying Water-Cement Ratio on the Degradation of Concrete by Sulphate Salts by Akinyele, Joseph O et al.
FUOYE Journal of Engineering and Technology, Volume 3, Issue 1, March 2018                            ISSN: 2579-0625 (Online), 2579-0617 (Paper) 
              
FUOYEJET © 2018                   152 
engineering.fuoye.edu.ng/journal 
The Effects of Varying Water-Cement Ratio on the Degradation of Concrete by 
Sulphate Salts   
 
*
1
Joseph O. Akinyele, 
1
Adekunle P. Adewuyi, 
2
Modupe  A. Idowu, 
1
Priscilla N. Iroaganachi 
1Department of Civil Engineering, Federal University of Agriculture, Abeokuta, Nigeria.  
2Department of Chemistry, Federal University of Agriculture, Abeokuta, Nigeria  
{akinyelejo|adewuyiap|idowuma}@funaab.edu.ng 
 
Abstract— This study assessed the extent of degradation by seawater on the physical properties and strength characteristics of concrete. 
It evaluated the extent of deterioration of concrete by MgSO4. Three concrete mixes corresponding to grade 20 with water-cement ratios of 
0.45. 0.6 and 0.75 were prepared. 324 concrete cylinders of 100 mm dia × 200 mm were partially immersed in exposure regimens of 
Distilled Water (DW), 5% Magnesium Sulphate Solution (MSS) and Seawater (SW) for a period of 180 days. Physical tests involving visual 
assessment of degradation and expansion measurements were employed along with mechanical tests of compression and splitting tensile 
tests. Results of the physical examination showed that the specimens in MSS, after 120 days, developed blooms of salt crystals above the 
evaporation front. At the end of 180 days the 0.75 w/c specimen in MSS expanded slightly by 1.01%. The compression test result showed a 
progressive increase in strength. However at 150 days, the 0.60 w/c and 0.75 w/c specimens in MSS dropped. At 180 days, the 0.45 w/c 
specimens showed that DW and SW strengths were higher than MSS by 1.06% and 1.02% respectively. The lower water-cement ratio 
could possibly reduce sulphate induced damage as the magnesium sulphate did not penetrate the concrete easily.  
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1. INTRODUCTION 
he deterioration of concrete structures can be linked 
to various sources, such as temperature, solution 
concentration and exposure of concrete to salts. But 
the most prominent is the attack of concrete by Sulphate.  
Oxides of Sulphur, especially sulphate SO4, are injurious 
to concrete while chlorides are harmful to the reinforcing 
steel. As a consequence, the life-span of the reinforced 
concrete structures has become compromised 
significantly from its original estimated life of about 
ninety years (Prasad et al., 2006). According to Thanos et 
al (2011), there are different types of Sulphate attack, and 
the most common sulfates that attack or interact with 
concrete are calcium, sodium, and magnesium sulphate, 
which are listed in order of their aggressiveness.  The 
ensuing damage to concrete structures depends on the 
concentration levels of these species, the water 
permeability of the soil surrounding the structures and 
the amount of solution in contact with the surface of 
concrete elements (Skalny et al. 2002). 
Sea water is an aqueous solution containing principally 
dissolved sodium chloride and magnesium Sulphate and 
it contains up to 97.5% of dissolved salts such as 
Chlorine, sodium, magnesium, sulphur, calcium and 
potassium (Tiwari et al. 2014). However, according to 
Zuquan et al. (2007), when the concrete cover is damaged 
by sulphate attack, commonly encountered in field 
constructions, the sulphate rapidly accesses the concrete 
and erodes the steel rebar embedded in them. It is 
therefore, imperative to understand the mechanism of 
sulphate attack to prevent deterioration of concrete. 
Bader (2003) suggested that factors that affect concrete 
exposed to seawater are the chemical reaction of the 
sulphate, chlorides and alkalis, with the cement, 
reinforcing steel and aggregates. Nevertheless, most 
researchers identified sulphate as the main destructive 
component in sea water which reacts with cement in 
concrete.  
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In the area of concrete technology, there is confusion on 
the subject of the definition of sulphate attack. For some, 
expansion caused by formation of ettringite from 
external sources of sulphate reacting with cement paste 
is considered (chemical) sulphate attack.  For others, 
damage caused by formation and crystallization is 
referred to as physical attack or salt crystallization 
(Neville 2004). However, Collepardi (2003) and 
Marchand (2002) described sulphate attack as any type 
of interaction with cement paste in concrete by sulphate 
ions to cause, deterioration of concrete, independent of 
sulphate source and curing temperature.  Santhanam et 
al. (2003) narrowed this definition to include the type of 
attack; external magnesium sulphate attack or delayed 
ettringite formation. The American Concrete Institute 
ACI 201. 2R-01, considered two mechanisms as sulphate 
attack, namely: formation of ettringite and formation of 
gypsum. The presence of ettringite in concrete may not 
necessarily be a sign of attack (Neville, 2004).  
Manifestations of sulphate reactions on concrete include 
spalling, delaminating, macro cracking and possibly loss 
of cohesion  (BRE, 2002).. 
A lot of work has gone into finding solution to this 
problem, and it seems as if there has not been a 
permanent break through. Parka et al. (1999) reported 
that the use of admixture, such as air entraining 
admixture, pozzolan, or blast furnace slag, would be the 
most effective treatment for reducing the sulfate-induced 
damage. This work has looked into the effect of Low 
water-cement ratio by of the varying water cement ratio 
in concrete and it influence on Sulphate attack on 
concrete. 
 
2. METHODOLOGY 
2.1 Specimen Preparation 
Three different concrete mixes were formulated for this 
experiment in order to study the effects of water-
cement ratio of a concrete mixture on its resistance to 
magnesium sulphate attack. The water-cement ratios of 
the studied mixtures was chosen in accordance with 
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common field practice, 0.45 intended to represent a 
high quality concrete for very severe exposure 
conditions, 0.60 a typical concrete for negligible 
exposure, and a poor quality concrete of 0.75 not 
acceptable for construction in a sulphate environment.  
Casting of the specimens was carried out in a quality 
controlled laboratory environment. 
For reproducibility, all aggregate preparation and 
mixing procedure were carried out according to the 
ASTM C172 and ASTM C192. Cylinder of 100 mm × 
200 mm size moulds were used to produce cylindrical 
specimens according to ASTM C 470. A total of 324 
concrete cylinders were prepared for experimentation. 
Concrete specimens (100 mm diameter × 200 mm high) 
were cast and placed at room temperature. The 
specimens were removed from the moulds after 24 
hours and were exposed to their various regimens and 
cured at room temperatures not exceeding 26±3 °C. 
Three curing regimes were employed to investigate the 
damage process of concretes. The specimens were 
immersed in distilled water, free from all forms of salts 
and impurities. This served as the control. Sea water 
obtained from the vicinity of the marine structures 
being observed and 5% Magnesium Sulphate solution 
regimes (Plate 1). The solutions were replaced once a 
month with fresh solutions to maintain their levels of 
concentration. 
The cylindrical specimens were placed in plastic 
containers having their lower halves submerged to 100 
mm depth in solution and the upper half of the 
cylinder exposed to the atmosphere. The control 
specimens were also placed in 100 mm deep distilled 
water and stored in the laboratory under ambient 
conditions. The total period of exposure varied by 
specimen, with destructive load testing performed 
monthly for a period of six months to observe the 
development of deterioration over time. The sulphate 
solution was periodically checked to maintain the level 
of sulphate concentration. This specimen exposure, 
unlike convention where the specimens are fully 
immersed, is more representative of field conditions. 
 
 
Plate 1: specimens partially immersed in different water regime 
 
2.2 Visual assessment of Degradation  
A physical evaluation of the appearance and condition 
of the specimen was carried out at the end of the full 
exposure period of six months to access the degree of 
damage the various specimens sustained. This physical 
testing method includes Visual rating of damage 
exhibited by the specimens, as well as description of 
each deterioration type encountered. These include 
cracking, spalling, disintegration and expansion, which 
are commonly associated with sulphate attack (Parka et 
al. 1999). The expansion was verified by measuring the 
diameter using Venier Calipers of 0.01 mm precision 
throughout the length of the cylinders. The diameter 
measurements were determined at intervals of 25 mm 
(including the immersion line). This was to enable the 
establishment of a profile of change in diameter. 
 
2.3 Compressive and Tensile Tests 
The mechanical testing procedure for compressive 
loading according to ASTM C39 standard was applied. 
The tests were carried out using the Universal test 
Machine for compression test. The specimens were 
tested at the end of the various exposure periods of 1, 
2, 3, 4, 5 and 6 months. In order to access the change in 
tensile properties of the various specimen exposures, 
the standardized splitting tensile test was utilized. This 
test is in accordance with ASTM C496, using the 
Universal Testing Machine. 
3. RESULTS AND DISCUSSIONS 
3.1. Visual assessment 
At the end of the exposure period, no visible cracks were 
noticed. However, a whitish powdery substance was 
observed at the immersion line of the 0.75 w/c specimens 
as shown in Plate 2. The substance was crystallized 
sulphate compounds. Crystallization takes place at the 
point of evaporation of water. This form of attack occurs 
in the concrete above water level. The attack occurred 
only when water could penetrate the concrete because 
the level of the salt solution rose in the concrete by 
capillary action. The crystallized substance was carefully 
washed off thereby exposing the aggregates all around 
the water line as shown in Plate 3. This is in agreement 
with Haynes et al. (2008) which concluded that scaling 
indicated degradation by mass loss. The use of 
magnesium sulphate solution in a static soaking test, 
without any stirring or agitation of the solution resulted 
in the formation of a protective magnesium hydroxide 
coating on the surface of the test samples. If agitated as 
in the case of turbulent coastal water, the reaction would 
result in expansion of concrete leading to more severe 
deteriorative mechanisms. Consequently, ions from the 
attacking solution could not penetrate into the material, 
thereby lowering expansion phenomenon than would 
have been observed in the absence of this protective 
layer (Skalny et al. 2002). 
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Plate 2: Observed crystallization 
        
 
Plate 3: Effect of Crystallization 
 
3.2 Expansion Measurement 
At the end of the full exposure term, the 0.75 w/c 
specimens showed slight signs of expansion. These 
specimens showed an average increase in diameter of 
1.06%. The filling of pores with gypsum and ettringite 
caused expansion. This is consistent with literature. 
Sulphate attack can only be diagnosed when concrete 
show physical signs of degradation such as expansion, 
surface erosion and cracking (BRE, 2002). These 
expansion forces translate into tensile stresses when led 
to the formation and propagation of cracks. However, no 
cracks were visible on the specimens. This could be 
attributed to the short exposure period of the specimens.  
However, Figure 1 indicates no significant mass loss 
over the six months period of exposure. The observation 
could be explained in line with Thaulow and Sahu (2004) 
that described surface scaling of concrete due to salt 
crystallization, with or without, as a recognized form of 
deterioration. The portion of specimen submerged in 
magnesium sulphate showed no sign of degradation 
appearing pristine and in good condition.  
This phenomenon was noticed only on the specimen 
with the highest water-cement ratio. This indicates that 
sulphate solution was able to migrate through the 
cement matrix of the 0.75 w/c specimen faster than 
through the 0.45 and 0.60 w/c specimens which had 
higher cement contents. The water used in concrete 
developed pores that accommodate water molecules 
within the concrete matrix, when the water is dried off, 
these pores are left behind. The higher the water cement 
ration the more pores are developed, hencs the fast 
movement of Sulphate solution in specimen with 0.75 
w/c.  It is evident from Figure 1 that the specimens had 
the worst deterioration due to mass loss at the end of the 
third week. Hence, there is hardly any visible reduction 
between the first and six weeks’ measurement. Based on 
visual examination, salt crystallization process is a major 
source of concrete distress (Stark 2000).  
 
 
 
 
 
 
 
 
Fig. 1:  Mass of immersed Cylinder. 
3.3 Compressive strength  
The strength of the different specimens increased 
gradually from the first to the sixth month.  Figure 2 
shows the compressive strengths for 0.45 w/c specimens 
over a six month period. The strength increased 
progressively from the first month to the sixth month for 
all exposures. However, it was observed that the 
specimens in distilled water had higher strengths than 
those in sea water and magnesium sulphate solution.  
The trend was different in Figure 3. The compressive 
strength for the 0.6 w/c shows increase in strength of all 
specimens. However, the specimens exposed to 
magnesium sulphate solution indicated higher strengths 
than specimens in seawater and distilled water. This is 
distinct from the results obtained in Figure 2, where the 
specimens in distilled water showed higher strengths 
than those exposed to seawater and magnesium sulphate 
solution. For the 0.75 w/c specimens as shown in Figure 
4, the trend was slightly comparable to that of the 0.60 
w/c specimens. The specimens exposed to magnesium 
sulphate solution attained higher compressive strengths 
than those exposed to seawater and distilled water.  
From the foregoing, it was obvious in early stages of 
sulphate attack on concrete that as the pores were filled 
with the products of the chemical reaction, increase in 
compressive strength was recorded primarily due to 
densification of the porous hydrated cement paste 
matrix. This initial increase in compressive strength was 
attributed to continuous hydration and eventual pore 
filling effect of gypsum and ettringite (Marchand et al. 
2002). 
Fig.2: Compressive Strength of 0.45w/c  
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.                   Fig. 3: Compressive strength of 0.60 w/c 
 
 
Fig. 4: Compressive strength of 0.75 w/c. 
3.4 Tensile strength  
The splitting tensile test was an indirect test which 
forced failure along the longitudinal axis of a cylinder 
and may be more sensitive to internal micro-cracking. 
Unlike in the compression test where the strength 
increased progressively from the first month to the sixth, 
the tensile strength decreased gradually from the start as 
indicated in Figures 5 to 7. The specimens in distilled 
water exhibited higher tensile resistance than specimens 
in seawater and magnesium sulphate solution. This 
trend differed from the results obtained in the 
compressive strength tests where the structural 
performance varied with the water-cement ratio of the 
specimens. The decrease in resistance over time reflects 
the poor nature of concrete in tension. This reduced 
resistance exhibited by the specimens in magnesium 
sulphate and sea water could be attributed to the 
destructive reactions of sulphate attack on concrete. On 
the other hand, the pore-filling effect did not appear to 
affect the values of ultimate split tensile load capacity as 
it did in the compression tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Tensile strength for 0.45 w/c 
  
  
Fig. 6: Tensile strength for 0.60 w/c 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Splitting tensile strength for 0.75 w/c 
4. CONCLUSION 
It can be deduced from the study conducted that 
seawater salts degrade both the physical properties and 
structural characteristics of marine concrete structures. 
The reaction of numerous cementitious components with 
sulphates caused concrete to undergo overlapping 
chemical and physical degradation processes, the cement 
content and strength of concrete increased with decrease 
in w/c ratio. The physical deterioration of concrete by 
magnesium sulphate salt in sea water was observed in 
the blooms appearing around the evaporation line and 
subsequent scaling of the highest w/c specimens. The 
lower water-cement (0.45) specimens did not permit 
easy flow of the solution, hence they remained pristine 
and in good condition. The study had investigated the 
short-term behaviour in compression and tension of 
concrete structures in natural and simulated sulphate 
environment. The tensile and compressive strengths are 
considerably affected by such exposures. 
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